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A1]STRACII

This paper dcscribcs  a type of cosmic ray dclcc(or  for isotopic and energy dctcclion of cncrgctic  nuclei which derives bolh
dimensions of position information from onc side of the dctcdor,  ‘1’his simplifies the required rcadoul  ckctronics,  since only
onc precision ampliticr  conncclcd  to the other side is required for an accurate dc(cction of the energy loss. Two dimensional
readout is enabled by the usc of pixels consisting of closely spaced intcrdigitatcd  clcztrodcs  altcmatcly  tonne.dcd to row and
column lines. Spreading of the charge produced by the cosmic ray results in the charge being collected by more than onc
clcc(rodc producing both a row and column signal on onc side of the dctcdor.  ‘J:hc design, fabrication, and characlcri?ation  of
the intcrdigitatcxt-pixel dctcdor  is discussed.

1. INTRODIJCTION

This paper discusses a sensor for dctcxtion of cosmic rays consisting of cncrgctic  nuclei. Intense fluxes of cncrgctic  nuclei
arc cnlit[cd by solar ftarcs,  An analysis of such parliclcs  provides information on solar particle accdcration and transport, and
on the clcmcntal  and isotopic composition of the Sun, which is inqmrlani for an undcrs(anding of the history of solar systcm
material. ]

,

‘J’hc parliclcs of interest arc the nuc]ci of helium and heavier clctncnts  with energies in the range of 10 to 100 McV. ‘l”hc flux
of the heaviest of these incident on a spacecraft can bc as loM’ as 1 /cn1

2-see, contained in a 106/cn12-scc  background flux of 1
McV protons. ‘J’hc cosmic ray is charactcrimd  by knowing its charge, clcmcnt and isotope, incident energy, and the direction in
space from which it came. Equivalently, it may bc stated Illa( a dclcdor  for such par(iclcs  must bc able to idcnti[y the charge,
nlass,  incident energy, and angle of incidence.

The silicon PIN detector has been successfully used for this application. The PIN detector is composed of three layers
consisting of p-type silicon, intrinsic silicon, and n+pc silicon, For this application, the p-type and n-type regions arc thin
layers on either side of the wafer and the remainder, which forms the bulk of the wafer, is made intrinsic silicon. By “intrinsic,”
il is meant that the silicon is not intcn[ionally  doped, Free carriers in this region arc duc to generation of electron-hole pairs by
thcmal excitation over the band gap (a process which depends only on the silicon bandgap  and the tcmpcra(urc and is thcrcforc
“intrinsic” to the silicon), together with carriers produccxt  by residual background irnpuritics.  Bccausc of the rc]ativcly  small
number of carriers in the intrinsic region, it can bc cmnp]clcly  dcplctcd  by a rcvcrsc  bias applied bctwccn the p-type and n-type
layers. When this occurs, an clcdric  field exists across the intrinsic region, and any carriers subsequently gcncralcd in the
]cgion  arc swept out by the clcdric  field resulting in a current through the dcvicc, A schematic cross-section of a PIN detector is
shown in l;ig.  1,

A cosmic ray passing through a PIN detector gcncratcs  clcc(ron-ho]c  pairs along its path, according [o a process governed by
the laws of quantum mechanics. 2“11c cncrg,y  required to promote an clc.dron from the valcncc  band to the conduction band, i.e.,
the bandgap  energy, as well as the kinetic cncrgics  of the free clcdron and hole arc taken from the ccxmic ray particle, rcducirrg
its cncrg! by that amount. I’hc dual constraints of conservation of energy and conservation of mOInCIItUIII  rcs(ric( tlIC intcrac[ioll
to a particular energy, which in silicon is approximately 3 cV. I’hcrcforc,  if all of the par[ic]cs  energy is c~n~cr(cd  10 clcctroll-
ho]c pairs, the incident energy is sin]ply  [hc numtxr of clcc[ron-ho]c  pairs mlll(iplic~  t)y s c\~. Qlan(un]  ]Ilccl]a[lics  :IISO p,O\TI II,
the inlcrac(ion rate or generation cross-section, which dcjxnds on the parliclc’s  cIIcIp,y.  CIMIP,C  allo lt];l<  I III cI~cIP\ O’ I III
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parliclc is known,
gcncratcd  pcr unil

[hen this dcpcndcncc  allows the calculation of the charge and mass from the number of clcclron-ho]c  pairs
Icng[h along the comic ray’s path
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Fig, 1: A cross-section ofa PINcmn]ic raydctcc(or,  lnopcra(ion,  the intrinsic re.gion is
cmnplctclydcplckd  bya tcvcrsc  bias. I“%xtron-holcpairs  arcgcncra(cd  along thcparlichx
trajectory as it passes through the ~ctcctor. The clcc(ric  field pushes electrons toward the n-
t}~xsilicol)  laycrol~top, ar]dl~oIcs  to\\fard tl~cp-tj~silimr~ laycro~~ tllchttoll~~~’llcrctl~cy
arc collcclcd,  resulting in a dclcclablc  current.

l’hc particle’s energy, energy loss pcr unit lcng(h and ang]c of incidcncc  can bc found by building a “tclcscopc” consisting of
a stack of PINdcmctorsasshown scllc]i~ati@lly  in Fig, 2. l$l~ctllickl]csscs  oftl~c\'ario[is  l'INdctwlors  il~tl]c slack  arcchown
such that the par(ic]cs  pass completely through thcfirs( two detectors, and then arc stopped within the others. The first two
dctcc(ors arcl)ixclatd  sotl~at  tl~clmsition  \vl~crc  tllcparticlc  ]~i~ctratcs  wcliarc cal~kfotll]d. ~`l~cai]glc  ofir]cidcllw, O, wilh
respect tothcdctcc(or  surfaccnormal  isgivcn  by:

tan2(0)=d2/(A~2+  A~?) (1)

w'llcrc  distl~c sl~acirlg &t\trccl~tl~c  first  andsml~d dc[wtors, al~d Axal~d Ayarctllc  diffcrcl~ccs  bctwccnthc x andypositions,
rcspcclivcly,  onthchvodctcctors.  The total incident particlc cncrgyis  rclatcdtothc  sum ofthcchargc  collected by all ofthc
detectors in tl~c stack, as previously discussed. I’hc path length / through the first two dctcc(ors  is given by:

I ‘- t/cos(o) (2)

where t is the thickncssof  thcdctcc[or.  l’hccncrgy loss pcrunil lcnglh  is related to the charge collcctcd  by the first detector
divided by/.

A diagram of an ac(ual tclcscopc consisting of four separate stacks is shown in Pig. 3. Such a detector can provide all of the
information ncccssary  to charac(crizc  incident cosmic rays. The schcmc  is dcjmdcnt  on a PIN detector that can pro~idc  tvro
dimensional position information and an accurate measure of the charge gcncralcd by the cosmic ray.
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IJig. 2: A cosn~ic  ray “tclcscop”  consisting of a s(ack of PIN detectors. ‘1’hc first  two detectors
provide inforn~a[ion  about  both (I1c posi(ion and the energy loss pcr unit Icng(h of the cosnlic  ray as
il passes con~plctcly  through then]. ‘1’hc rcn~aining  dc(cc(ors  stop the cnsn~ic ray and dctcrlninc  its
rcxnai ning energy.
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Fig.  3: ‘1’hc configuration of an actual wsnlic ray tclcscopc cnqdoyinp,  four slacks of 4- i]lcll SI II((: ; ~~ II: i



2. TIIE CONVEN’I’JONAI,  DETECI’OR SCIIEME

‘I ‘hc conventional n]cthod of building a PIN dctcdor  capable of nwasuring two din~cnsional  position and charge is to ccl onc
2 For cxarnplc.,  the front sideposition din]cnsion  fron] each side of the dctcc(or, by dividing each side of the dclcclor into s(ripcs.

of the dctcclor  can bc divided into s(ripcs  to dctcrn~inc  the row position, and the back side divided into  s(ripcs,  running at right
angks  to those on the front, that dctcrminc  the column position.

A ctisadvan(age  of the conventional schcn]c is that  in order to accurately measure IIIC gcncrakd  charge, there must bc a
precision pulse height an~plificr  attached to each stripe on onc side. A typically sinxt  dc[cclor, e.g., 10 cn] in dian~ctcr  with 1-
n~n] wide slripcs, would require 100 precision an]plificrs.  I’his  in]plics  that  the ncccss,ary  readout electronics wilt  bc physically
large and con]plcx, and will consunlc rclat ivc]y large an~ounts of power.

The readout clcclronics could bc greatly sin]plificd  for a detector design that provided both din]cnsioos  of position
inforn~ation  using only onc side of the detector. This would rcducc the precision required of the position sensing electronics to
onc bit accuracy, that is, it would only have to dc(crn~inc whc(hcr or not a particle passed through each pixel. A siaglc  prwision
anq~liticr is required for the opposite side. ~’his schcn~c would greatly rcxtucc the size, power consun~ption,  and conq)lcxity  of
the readout cilcuitry.

OJ~c schcn~c for dctcrn]ining  both position dilncnsions  fron~ onc side of the dckctor involves dividing that side into stripes
with a conncc(ion  at each end, and relying on diffusive or resistive division of the signal bctwccn the ends in order to indicate
where along the stripe the charge was collcckd.~ While this has been successful for sotnc USCS, it is not suitable for this
application, where the par[iclcs to bc dctcckxt  arc co-incident with a nulch higher flux  of n~odcratc-energy protons. This high
flux of protons will result in a “pulse pile-up” and will n~akc the identification of the position of the higher mass nuclei
impossible.

3. TIIK lNI’ERI)IGITAI’ED-I’IXEI,  SCJIICMlt

The schcrnc chosen for this application is to usc ~ pixel consisting of intcrdigitatcd  clcctrodcs  altcrna(cly  conncckd  to the
row and colun~n  lines. If the spacing bctwccn  the clrxtroctcs  is smaller than width of the cloud of carriers produced by the
co.wic ray by tirnc the cloud rcachcs the clcctrodcs:  then the collcctcd  charge will bc divided bctwccn clcc(rodcs  conncckd to
the row and colun~n lines. Consequently, there will bc a row and cdunur signal to identify both din~cnsions  of the particle’s
position. Note that il is not important that the charge bc divided evenly; it is only necessary that a discernible signal appear on
both lines. Neither is it inqwlant  that this charge bc accurately counted: a precision an]plificr conncctcd to the other side
provides accurate pulse height inforn]ation.  3’l)c clcc(rodcs and clcc(ronics  for the pixcllatcd  side arc only required to dctcnninc
whether or not a cosn]ic  ray passed through each pixel. A schematic cross-section of a PIN detector with intcrdigitatcd
clcclrodcs  is sho~tw in Fig. 4,

A schcnlatic  illustration of the in(crdigitatcd-pixel COnCCp( as vicw~ frolu  the top is ShOWn in Fig. S, ]nsidc  the unit CCII
bounded by the row and column lines arc a series of clcctroctcs altcrnatc]y  connwtcd to tllc row and colun]a  lines. I$hc dark
region in Fig, S rcprcscnts a pixel: charge gcncrakd  by a cosn~ic  ray anywhere within  the dark region will bc collccicd  by
elect rodcs  conncckd  to row “N” and column “N.” For this application, the unit cdl and the pixel di~~]cnsions arc 1 -nwn square.
~’l]c si?.c and spacing of the intcrdigi(atc,d  clcctrodcs  show in Fig. S is greatly cxagg,cratcd,  for presentation clarity. The
clcc[rodcs ~vith the largest pitch arc actually 40 pn] wide and 40 WI aJ~ari,

4. DEVICE I.AYOUI’

I’hc cvcnlual  goal is to develop a PIN dctcc[or of the kind ctcscribcd  in the previous section with 1 -n~n~ square pixels On a 4-
inch dian]etcr  wafer as thin as 50 ~n]. Thc present cffor[ involves the dcvclopn]cnt  of a prototype consisting of a 9x9 array of 1-
n~n] square pixc!s On a 2S0 }un thick substrate. Thc entire dic siz,c including the array and connection pads is 1 -cm squalc,  Nine
dic arc fabricated in a single lot, using a 2-inch diameter wafer.



Two generic variations of the PIN detector have been fabricakxi.  in onc variation, the n-type polysilicon layer  is patterned
into the intcrdigitatcxl  collector pattern by WC( chcnlical  etching. ‘1’hc p-type inlplantcd  Iaycr on the opposite side is unifornl
across the entire wafer. in the other variation, the p-type layer is pat(crncd into the intcrdigitatcd  collcdor  pat(crn by schxtivcly
nlasking the inq)lanl,  The n-lypc polysilicon  Iaycr is Icft undisturbed and uniforw across the opposilc  side of the wafer in this
varia[ion.  A given wafer is proccsscd  using onc variation or [hc o(hcr. The high rcsistivi[y  silicon wafers that  were used for the
pat[crncd-polysilicon  variation were polished on both sides, so that the polysilicon was deposited on a po]ishcd  surface, nlaking
photolithography for the \vct chcn~ical etch possib]c.  ‘l”hc ~Jat(crlld-i]lllJlallt  version used high rcsislivity  wafers with only onc
side polished, and with the n-type polysilicon  deposited on the unpolished side,
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Fig. 4: A cross-scclion  of a PIN detector with intcrdigitatcd  clcctrodcs  allcrnatcly  conncctcd  to row and colun~n  lines. Charge
spreading duc to drift and diffusion rcsul(s in the charge being di\~idcd bctwccn  the clcdrodcs,  creating both a row and cohnnn
signal. A precision an~plificr  conncctcd  to a broad area collector on the opposilc  side of the wafer accurately dctcrmincs  the
pulse hcighl.

On each wafer, several arrays arc used to cxp]orc  other process variations. I’here arc three variations of the intcrdigitatc.d
clcclrodc width  and spacing: 10 pni widlh with 10 Iun spacing, 20 prn wid(h with 20 pn~ spacing, and 40 pru width with 40 prn
spacing, for clcctrodc pitches of 20, 40, and 80 }un, rcspcctivcly.  ‘1’hc pixel pitch of 1 rnnl was not varied, however. The other
variation involves the n]ctallization.  In onc version, the n~ctal 1 is ovcr]aid with n]c(al 2 in son~c areas, ~’his process is rcfcrrcd
to as metal-metal. III the other version, n~ctal  2 was applied directly to (I1c scn]iconduc[or,  avoiding a rnctal-to-n~ctal  inlcrfacc,
~llis process is rcfcrrcd to as n~ctal-silicon.  ~’hc details of (his arc discussed in the ncx( section on fabrication.

There is an array for each version of the n)c[allizalion  with each pixel pi(ch, that is, there is OIIC nlctal-n]c(al  array will] 20 p
In pitch,  onc nlc(al-nlctal  array ~~’ilh 40 pnl pitch, onc ructal-nlc[al  array with 80 pal pitch, oJ]c nlctal-silicon  array will] 20 pn~
pitch, one n~c(al-silicon array with 40 w pitch, and onc n~ctal-silicon  array \\ith  80 pn~ pitch, n~aking  6 arrays, Each is a 9x9
arrdy of 1 -nln~ square pixels in a 1 -en] square die. Thc arc also t\vo 1 -en) square dic containing various tcs( struc(~lrcs  such  as
contact chains, capacitors, etc., and the n~ctal-n]ctal  array \vith 20 pn~ pilch is rcpca(cd,  n~aking a total of nine 1 -cnl square dic
On each 2-inch wafer. 2’l]csc  nine dic arc arranged in a 3x3 patlcrn.  A diagram of the unit CCII for an array with a 40 pIn pitch
showing the in[crdigitatcd  clcctrodc  pa(tcrn for etching or implantation (depending On the version) is SIIWI) i n ]~ip, 6
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Fig. S: An illus.(rativc rcprcscntation  of the intcrdigi[akxl-pixc]  concept,
The dark square rcprcscnts  onc pixel. The charge produced by a cosn~ic
ray passing anywhere through the pixel is divided bclwccn row line N and
cohnnn  line N. l’hc unit cdl bounded by adjacent row lines and colun~n
lines contains onc quarlcr  of each of four pixels.

S. FABRICAT1ON

I’hc fabrication begins \vith a 2-inch dian~ctcr, 2S0 tm~ thick wafer of very pure high.rcsistivity silicon, with a resislivity on
the order of 10 kf)-cln,  The residual in~puritics  rnakc the nominally intrinsic rnatcrial  lightly n-type, with a doping
conccntrat  ion on the order of 10* 1 cn~-3. A 1 pn] thick layer of hcwily phosphorous-dopcxl  polysilicon  is then deposited on one
side, in a process dcvclopcd by Steve liolland4.  This layer serves as the n-type layer of the MN dc(cdor,  and as a gcttcl:  the
large nunhcr  of grain boundaries in the polysilicon  con~bincd with the chcnlical  propcr(ics  of phosphorous cornplcxcs  cause the
polysilicon  to trap inqn]ritics  \vhich \vould  otherwise diffuse into the intrinsic silicon and contan~inate  it during subsequent high
tcn]pcraturc  processing, The p-type layer of the PIN s(ruciurc  is produced by doping the opposite side of the wafer using ion
inlplantation.

It] the pat[crncd-polysilicon  version, fabrication begins by uniforluly  dopin tl]c o posi(c  side p-type using ion in~plantation
f!of boron. Presently, the in]plant  energy used is 150 kcV and (I1c dose is 3X 10 4 cn~- . 3Y]c intcrdigitatcd  patlcrn is then clchcd

in the polysilicon  using \vct chcn]ica] etching with a photorcsis[  n~ask.

After the photol-csis(  is s(rippcd and the wafer is clcand, a 200 ~ passivating oxide is grown in a dry oxide furnace at
900 “C. Contact  lIOICS through  the oxide to (IIC polysi]icon  arc opcIIti  l)sing bldTcrd oxide etch, and then the firs[  nwal l;iycl.
n]ctal  1, is dcposiwl.  Prcscn(ly  n]ctal 1 is alun~inun~  about 1 pn] thick. ]n thc n~c(al-]))c[al arrays, al i of tllc Imlysil IN)}
clcclrodcs  arc ovcr]aid  with n]c(al 1. in (tic n]ctal-silicon  arrays, only tl~osc conncc[ccl to tlw COIUIIIII lilws  :11~ ‘i(’\!  111:

intcrn~clal  diclc.ctric  is deposited by electron-cyclotron resonance chcll]ical  \wpor dc~msi{ioll  (I .( ’R. c’\’J )’ I ,  (lll\l\l~ l): 1;/}(



01 31NX, a Iaycr on s1u2, ana anoltlct  layer 01 MN ~, wm mc lolal mcmcss  tmng amu I pm. Lomacl  nmcs arc opcnw In m
dielectric using rcactivc  ion c(ching  @lE).  In the n}ctal-n~ctal arl-ays,  the openings arc only over the row lines; in the n]ctal-
silicon arrays, the dielectric is opened over the row Iincs and all of (1IC  ckc[rodcs conncdcd  to it in each pixel. The sc.cond
n~ctalli~alion  layer, n]clal  2, is then dcposilcd. 1.ikc  nictal 1, it is alun]inunl  about 1 w thick,

Fig. 6: The clcdrodc  pa((crn for onc unit cdl of the intcidigitatcd-pixc]  PIN cosmic ray detector. For the
array that uscs this particular ccl], the clcwrodc widlh and spacing arc 40 W.

Tltc column lines of the unit cdl merge into those of the ncx(, forming a continuous line that runs the length of the array
aud beyond to pads for ~nncction by probes or wire bonding. ‘llc  row Ii ncs arc inlcrruptcd  and tnust  bc conncctcd to wch
othct  by horizontal lines in rnctal 2 that cross over the column lines, electrically separated front thcnl  by the dielectric. in the
nlc[al-n]ctal  arrays, the row line scgtncnts  in the unit cdl and the intcrdigitatcd  clcctrodcs conncdcd  to then] arc overlaid by
n~c[al 1. la theses arrays the dielectric is opened over the row line scgn~cnts, exposing n~ctal 1. Metal 2 is pat(crncd  into long
horizontal s(ripcs  that contact n~ctal  1 on these scgn~cnts, then cross over the intact diclcc(ric  wvcring  the n~ctal  1 colun\n  lines.
in the n~clal-silicon arrays, the diclcc(ric  is opened over both the row line scgn~cnts and the intcrdigitatcd  clcctrodcs,  cxposinp.
bare polysi]icon.  The n~ctal  2 paltcra  covers the ro\\’ Iinc the scgn~c.nts aud connects thcnl together electrically a< iii the nwHl-
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nwlal arrays, but also covers (IIC polysilicon clcc[roctcs as VIC]I. I’hc l)llololilllogra~)l)y  for the nlc(al-nlctal  arfays  is rnorc
forgiving of nlisalignn~cnt  of n)clal 2 since it dots not have to ovcr]ay the clcz(rodcs,  but it requires nlctal to n~c[al contacls.
Since ahuninunl  oxidiz.cs  easily, Ihc electrical conductivity of such contacts is a concern,

Af(cr n]clal 2 is dcposikd  and pat(crncd,  (I1c dcvicc  is ready for the back nlcta!,  which is a scvclal  thousand angslronl  thick
layer of alun~inun~ deposited onto the p-type itnplankd  side. ~llc ahln~inun~  is annealed in llydrogcl~/llilrogcl~  forn~ing  gas at
400 “C fcw 30 n~inutcs  after each n~ctal  deposition, ‘I%c dcvicc is ready for wafer ICVC1  testing at this point, and can bc sawed
into die, n)oun(cd in a chip carrier, and wire bonded,

la the ~~at(crl~cd-ill~l~lal~t  version, the polysilicon Iaycr is not dis(urbcct,  First a .wcrificial  oxide is grown on (hc wafer, then
the side opposite the polysilicon  layer is covcrcd  with  photorcsiso  which is then J~attcrncd, I’hc photorcsis(  sclcclivcly  masks the
inq)lant  into the intcrdigitatcd  clccirodc  pattern identical to that used for the etching in the pattcrlld-l~lysiliwl~  version, Atlcr
(IIC photorcsisl  is stripped, the sacrificial oxide is rcn~ovcd and the wafer is clcancd.  ‘Mc inq)lant  is given a low tcn~pcraturc
activation at 650 ‘C for 30 n~inutcs.  Then a 200 A passivating  oxide is gro\vn  at 900 ‘C in the dry oxide furnace. liron~ here, the
slcps arc ncar]y  identical to that for the patterned-polysilicon dcvicc. Contact holes arc opened in the oxide over lhc in~plant and
n~ctal  1 is deposited, patterned and annealed. The dielectric is dcpositcxt  by FXR-CVD and contacl  holes arc opened in it by
Rll L Mclal  2 is deposited, pat[crncd,  and annealed. l’here arc n~ctal-nlctal  arrays and n~ctal-silicon  arrays, identical 10 the
patterned-polysilicon version, After the back n~ctal  is deposited and annealed, the dcvicc is ready for tcsling  and packaging.

6. l’ltST IWSUJ,TS TO I) AT’It

Several lots of both the pattcrllti-plysilicoll  version and the pat(crl)ti-i]l~~)lal]t version have been fabricated, and initial
clcclrical  charactcrizition  has been pcrfortncd.  Unfortunately, all of the dcviccs  that have been tested so far exhibit an
anon~alous]y  high dark current, on the order of 1 yA/cn\2. Mcasurcn\cnts  by Hollanct4  indicate that dark currents as low as 1
nA/cn12 can bc achicvcd In addition, there is a sotl breakdown at an app]icd voltage of bctwccn 10 V and 80 V. ‘1’hc
anonlalously  high current has inqwtcd furlhcr  testing. 3’l]c  source of the high dark current and break down arc not presently
known.

A sys(cn~atic  search for the cause of the anou{alous  current is now underway. Once it is clin~inated,  ncw 101s will bc
fabricated and an electrical charac(crization  of the dark current, line-to-line rcsistancc,  and line-to-line capacitance will bc
pcrfornwt.  The dcviccs will bc then undergo particle testing at the Space Radiation 1,aboratory, initially using an alpha parliclc
source, and then using heavy ions fron~  radioactive sources or accclcratcd  by a Van Dc Graaff generator.
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